A facultatively oligotrophic ultramicrobacterium (strain RB2256) isolated from an Alaskan fjord by extinction dilution in seawater, was grown in batch culture and under single-and dual-substrate-limitation of alanine and glucose in a chemostat. The nature of the uptake systems, and the uptake kinetics and utilization patterns of alanine and glucose were investigated. Glucose uptake was inducible, the system exhibited a narrow substrate specificity, and part of the uptake system was osmotic-shock-sensitive. Half-saturation constants for glucose were between 7 and 74 pM during glucose limitation. The initial step in glucose metabolism was the synthesis of sugar polymers, even during glucose-limited growth. The alanine uptake system was constitutively expressed and was binding-protein-dependent. In addition to L-alanine, nine other amino acids inhibited accumulation of [14C]~-alanine, indicating broad substrate specificity of the alanine transporter. Half-saturation constants between 1.3 and 1-8 pM were determined for alanine uptake during alanine limitation. Simultaneous utilization of glucose and alanine occurred during substrate-limited growth in the chemostat, and during growth in batch culture a t relatively high (mM) substrate concentrations. However, the half-saturation constant for alanine transport during dual-substrate-limitation, i.e. in the presence of glucose, increased almost fivefold. We conclude that mixed substrate utilization is an inherent property of this organism.
INTRODUCTION
The marine ecosystem is an oligotrophic environment where concentrations of low-Mr carbon compounds are commonly in the nanomolar range (Billen e t al., 1980; Eguchi & Ishida, 1990; Poulet e t al., 1987; Miinster, 1993) . The organic carbon fluxes have been considered too low to support sustained growth of bacteria (Poindexter, 1981 ; Morita, 1988) , and continuous nutrient deprivation is thought to result in a so-called starvationsurvival response of most micro-organisms (Morita, 1990) . However, the low steady-state substrate concentrations may partly be due to times of approximately 12 h (Sieburth e t al., 1977; Karl, 1979 ; Carlucci & Williams, 1978) .
Although several studies have shown that unamended seawater is a suitable growth medium for naturally occurring bacteria (Jannasch, 1967 ; Ammerman e t al., 1984; Hagstrom etal., 1984; Li & Dickie, 1985; Schut et al., 1993) , the possibility that significant alterations in its nutritional composition occur during experimental handling cannot be excluded (Ferguson e t al., 1984) . The results of such growth experiments therefore provide no real evidence for the occurrence of growth under natural conditions. However, the mere presence of lo5-lo6 bacteria ml-' in oceanic waters provides in itself a sufficient reason to believe that such organisms may have developed the ability to multiply under the prevailing conditions. Non-differentiating heterotrophic bacteria from these environments are thought to thrive under such oligotrophic conditions as a result of their unique substrate-sequestering abilities (Poindexter, 1981 ; Button, 1991) . Against this background, the high specific substrate affinities of oligobacteria are thought to be significant (Button, 1991 (Button, , 1993 . Indeed, low Kt uptake systems have been found in marine isolates (Hamilton e t al., 1966; Geesey & Morita, 1979; Akagi & Taga, 1980;  Nissen e t al., 1984) . However, the reported Vmsx values are generally so low that specific affinities and oligotrophic capacities (Button, 1993) are insufficient to allow realistic generation times in the ocean at the expense of a single substrate. When consumed simultaneously, however, the ambient level of substrates could provide bacteria with enough carbon and energy for growth at more realistic rates. The ability to utilize multiple substrates simultaneously is a common trait of most known bacterial species, provided that the substrates are present at growthrate-limiting concentrations (Harder & Dij khuizen, 1982 ; Gottschal e t a/., 1992). This indicates metabolic regulation by derepression of uptake and utilization pathways. In the marine Pseztdomonas sp. strain T2, the presence of amino acids can enhance the uptake of glucose and lower the threshold concentrations for growth (Law & Button, 1977) . Organisms able to grow in the open ocean would thus ideally exhibit simultaneous multiple substrate utilization abilities and a broad substrate spectrum. Data in the literature are not conclusive regarding the substrate spectrum of oligotrophic bacteria, since both broad (Upton & Nedwell, 1989) and narrow (Eguchi & Ishida, 1990 ) substrate utilization spectra have been reported and discussed as being advantageous for oligotrophic bacteria. Transporter specificity may indeed generally be lower in oligotrophs (Akagi & Taga, 1980) . In a previous paper (Schut e t al., 1993) , we reported the isolation of a facultatively oligotrophic ultramicrobacterium from seawater. This organism exhibited n o increase in cell size upon isolation, and is thus a natural ultramicrobacterium. We found specific uptake affinities for mixed amino acids, but not for alanine or glucose alone, that would allow for realistic in sitzt generation times during growth on mixtures of amino acids. In this contribution we report a detailed study of the substrate utilization of this organism during single as well as dual carbon-and energy-limited growth in a chemostat. Furthermore we have characterized the uptake systems of both L-alanine and D-glucose. These two uptake systems have markedly different characteristics with respect to substrate specificity.
Source of organism and culturing conditions. Ultramicrobacterium strain RB2256 was isolated from an Alaskan fjord as described previously (Schut et al., 1993) . The organism is a Gram-negative, obligately aerobic, yellow-pigmented and flagellated rod. It is catalase-and oxidase-positive. Its mean cell volume of 0.06 pm3 (dimensions 0.3 pm x 1.0 pm; see Schut et al., 1993) is characteristic of an ultramicrobacterium. On the basis of the 16s rRNA gene sequence, strain RB2256 belongs to the a-proteobacterial lineage and is phylogenetically closely related to the genus Sphingomonas (Yabuuchi et al., 1990) and to Caulobacter subvibrioides, Porpbyrobacter neustonensis and Erytbrobacter longus (unpublished data). The organism was cultured in MPM medium as described previously (Schut et al., 1993) , at pH 7.8 and 30 OC with 2 mM D-glucose, 4 rnM L-alanine, or 1 mM D-glucose plus 2 mM L-alanine as the carbon and energy sources (144 mg carbon 1-').
Analytical procedures. For residual substrate determination, samples from steady-state (at least 5 vol. changes) continuous cultures were filtered within 5-10 s through a 0.2 pm pore size membrane filter (BA 83; Schleicher & Schuell) , and the filtrate was frozen until analysis. Amino acids were analysed after ophthaldialdehyde derivatization by reversed-phase HPLC, using an Absorbosphere HS opa 5 pm column (Alltech/Applied Science) at room temperature. Running buffer A contained glacial acetic acid (0.3 YO, v/v, pH 5.9) and tetrahydrofuran (1 %, v/v), and running buffer B was composed of methyl cyanide (10 YO, v/v) in methanol (HPLC grade). Samples were run with a mixture of buffer A and B (3: 1) and eluted by applying a gradient of 25%-80% buffer B over a period of 30 min. D-Glucose was determined enzymically using standard kits (Boehringer Mannheim) with detection of NADH at 340 nm. Protein was determined by the Lowry method using BSA as a standard. Organic carbon was determined on a Shimadzu TOC-500 analyser (Shimadzu Benelux) with sodium biphthalate as a standard.
Oxygen consumption rates. Substrate-dependent maximum specific oxygen consumption rates Q;"" values) were determined in a YSI Biological Oxygen Mogitor (Yellow Springs Instruments). Cells were harvested by centrifugation for 10 min at 12000 r.p.m. and 4 OC. After washing in MPM basal salts buffer, pH 7.8 (Schut et al., 1993) , cells were resuspended to a final protein concentration of approximately 130 pg ml-'. Maximum specific oxygen consumption rates were determined at saturating concentrations of growth substrate (1 mM). Cells were kept on ice until use, and measurements were performed within 15 min. Comparison of twice-washed cell suspensions with samples taken directly from substrate-saturated batch cultures indicated that the processing protocol did not significantly affect oxygen consumption rates. Required specific oxygen utilization rates (qo . req), needed for complete oxidation of utilized substrate, were *calculated by multiplying substrate utilization rates in culture Uptake experiments. Cells were harvested by centrifugation, washed twice in MPM basal salts buffer, resuspended (2 mg protein ml-') in MPM basal salts buffer and stored on ice until measurement. Immediately prior to uptake, 100 pl aliquots of 10-fold diluted cell suspensions in MPM basal salts buffer were energized with 10 pM of L-alanine or D-glucose for 2 min at 30 OC, as described previously (Schut e t al., 1993) . Uptake rates in the first 30 s after addition of the labelled substrate were determined over a concentration range of 40 nM-100 pM substrate. For uptake inhibition (i.e. the effect of protonophores, etc.) and substrate specificity studies, cells were preincubated with 10 mM ascorbate and 100 pM PMS (phenazine methosulphate) for 1 min at 30 OC (see Schut e t al., 1993) . The substrate specificity of the uptake systems was determined by incubating washed cell suspensions (200 pg protein ml-') with 1 pM ~-[U-'~C]alanine (174 mCi mmol-') or 8 pM D-[U-''C]glucose (144 mCi mmol-') in the presence of 10-fold excess unlabelled test substrate at 30 "C.
Production of carbon dioxide during substrate uptake. This was determined by a modification of the method of Hobbie & Crawford (1969) . Aliquots (100 pl) of a washed cell suspension of chemostat-grown cells (200 pg protein ml-') were added to a small glass tube containing a stirring bar. An accordion-folded piece of blotting paper (GB 002, Schleicher and Schuell) (5 x 2 cm) was subsequently inserted into the neck of the tube.
The tube was closed with a Subaseal septum through which additions to the cells were made. The uptake reaction was started by adding 14C-labelled substrate to the cells [3 pM L-[U-'4C]alanine (17-4 mCi mmol-') or 2 pM ~-[U-'~C]glucose (2.9 mCi mmol-')I, and was stopped by quickly adding 4 % (v/v) formaldehyde and 1 YO (v/v) H2S04. Approximately 100 p1 Carbosorb was added to the blotting paper, again through the septum, after which the tubes were left sealed for another 30 min. The accumulation of 14C-label in both the blotting paper and the filtered cells was measured.
Incorporation of labelled substrate into macromolecules. Samples containing 200 p1 of a washed cell suspension (0.2 mg protein ml-') were incubated at 30 "C with 3 pM L-[U-'~C]-alanine (17.4 mCi mmol-'). Within a period of 10 min, 100 pl volumes were rapidly filtered through 0.2 pm cellulose nitrate filters. The filters were rinsed with 2 x 2 ml MPM basal salts buffer, and their radioactivity measured. TCA [15 pl of a 50 YO (w/v) solution] was quickly added to the remaining 100 pl of sample and the suspension was incubated at 80 "C for 1 h. The precipitated protein was subsequently filtered through a 0.2 pm cellulose nitrate filter that had been pre-rinsed with 2 ml 5 % TCA. After post-filtration rinsing with 2 x 2 ml 5 YO TCA, the radioactivity on the filters was measured.
Polysaccharide content was measured by incubating 2500 pl cell suspension (0.2 mg protein ml-') with 2 pM ['4C]glucose (2.9 mCi mmol-') at 30 "C. At regular intervals, 200 pl samples were taken and quickly mixed with 20 pl37 Yo formaldehyde. A 55 pl volume of this suspension was filtered through a cellulose nitrate filter and the radioactivity retained on the filter was determined in a liquid scintillation counter. The remaining cells were pelleted, washed with 1 ml MPM basal salts buffer and pelleted again. After resuspension in 50 pl of 30 YO KOH, cells were lysed at 96 "C for 2 h. After lysis, 1.50 p1 absolute ethanol was added to the suspension and the macromolecules precipitating in 75 Yo ethanol were collected by centrifugation. After resuspension of the pellet in 100 pl H,O, the radioactivity of a 50 pl sample of the suspension was measured directly. A second 50 p1 sample was treated for 30 min with 5 O h (final concentration) cold TCA. The cold-TCA-insoluble fraction (nucleic acids and proteins) was collected on 0.2 pm cellulose nitrate filters and its radioactivity measured. The amount of polysaccharide formed was calculated by subtracting the cold-TCAinsoluble fraction from the 75 O/ O ethanol-precipitable fraction.
Osmotic shock procedure. Cells from 50 ml culture (approx. 65 pg protein ml-') were harvested by centrifugation and resuspended in 1 ml MPM basal salts buffer. This cell suspension was rapidly diluted in 50 ml ice-cold Milli-Q water and refrigerated for 10 min. Shocked cells were harvested by centrifugation and stored on ice until use. The remaining 'shock fluid' was concentrated to 5 ml (0.1 mg protein ml-') under N, pressure by using a stirred ultrafiltration cell (Amicon) with a 10 kDa cut-off filter (Diaflo YM10, Amicon). Binding of 14C-labelled substrates to concentrated shock fluids was determined by the method of Richarme & Kepes (1983) . A 100 p1 volume of shock fluid was incubated with 1 pl 14C-labelled substrate at 30 OC for 30 min. Proteins were subsequently precipitated by adding 2 ml ice-cold saturated ammonium sulphate solution. Precipitated proteins were collected on a 0.2 pm cellulose nitrate filter; after post-filtration rinsing with 2 x 2 ml ice-cold saturated ammonium sulphate solution the radioactivity on the filters was measured. Blanks consisted of ~-[U-l~C]alanine and ~-[U-'~C]glucose incubated with 100 pl H 2 0 .
Electron microscopy. Cells from 5 ml glucose batch culture were pelleted by centrifugation and, after resuspension in 100 pl 
RESULTS

Growth in batch culture
Growth on alanine and glucose. Maximum specific g r o w t h rates for ultramicrobacterium strain RB2256 at Table 1 ). T h e substrate-dependent maximum oxygen consumption rates for L-alanine @gZatla) and D-glucose @gza&,) during g r o w t h o n alanine, glucose, a n d alanine plus glucose are presented in Table 1 . T h r o u g h o u t g r o w t h on glucose plus alanine, the QgZa&, remained essentially constant. In spite of the low Qgzaila during the first exponential g r o w t h phase, the occurrence of significant alanine uptake was evident (Fig. 1) . Short-term uptake experiments with "C-labelled alanine revealed maximum uptake rates of 42 nmol min-' (mg protein)-'.
Apparently, alanine oxidation was strongly repressed in the first g r o w t h phase.
Growth on mixed amino acids. Batch culture experiments were performed with a mixture o f L-alanine, Lleucine, L-proline, L-phenylalanine, L-serine, L-histidine, L-arginine, L-glutamate, L-aspartate and L-glutamine, each at 1 mM. G r o w t h occurred with a maximum specific rate o f 0.10 h-', a n d all substrates were utilized simultaneously except for L-glutamate (Fig. 2) . A yield o f 0.21 g cellcarbon (g substrate-carbon)-' was calculated, assuming complete utilization of proline. Proline could not be analysed by the HPLC procedure used, but it was respired by the cells. 
Disappearance of L-asparagine and L-glutamine followed the L-alanine pattern, L-leucine followed the L-arginine pattern.
During growth on L-alanine alone, cells in washed cell suspensions were able to respire not only L-alanine @gZax
and L-aspartate were also tested, but no respiration was detected. (Table  1 , column 4). During growth on this mixture of D-glucose and L-alanine in the chemostat, both substrates were used to depletion at all dilution rates tested (0-01-0.18 h-').
Complete utilization even occurred at dilution rates much higher than the maximum specific growth rate on either of the substrates alone. The critical dilution rate for growth on the mixture of the two substrates was 0.18 h-l. This was significantly higher than the maximum specific growth rate measured during mixed substrate growth in batch culture (0.11 h-').
Short-term substrate uptake. Maximum substrate uptake rates ( Vmax), half-saturation transport constants (&), and specific affinities (affinity) for glucose and alanine of cells grown under single and dual substrate limitation at various growth rates are presented in Table 2 . Maximum uptake rates for both substrates increased with the dilution rate. Half-saturation constants for alanine were fairly independent ofthe dilution rate. This resulted in an increase in the calculated specific affinity with the dilution rate for this substrate. Cells grown under glucose limitation were able to accumulate alanine at high rates, although alanine respiration in these cells occurred at lower rates than in cells grown under alanine limitation. No significant uptake of glucose was observed in cells grown under alanine limitation (see Table 2 ). During growth on alanine plus glucose, the half-saturation constant (Kt) for alanine was higher than during growth on alanine alone, while the Kt for glucose was similar to that obtained during growth on glucose alone (Table 2) .
Initial metabolism after substrate uptake. It should be noted that the measured maximum specific uptake rates for alanine (Vmax, column 3 in Table 2 ) were lower than the measured utilization rates in growing cultures (qs, column 4 in Table 2 ). It was subsequently found that alanine uptake rates in cells grown on alanine were grossly underestimated due to rapid alanine metabolism and subsequent release of label in the form of carbon dioxide. During short-term (10 min) uptake experiments with cells grown on alanine, approximately 60 YO of the total amount of alanine label taken up by the cells was liberated as carbon dioxide (Fig. 3a) , while the rest of the label remained associated with cell material. Five percent of this cellular fraction was hot-TCA-insoluble and thus was associated with newly synthesized protein. Alanine uptake in glucose-limited cells was also accompanied by instantaneous "CO, release. However, glucose-limited cells respired only 20% of the utilized alanine to "CO, (Fig.  3b) . Approximately 15 % of the label could be recovered as protein within 10 min after addition of the labelled alanine.
The [ 14C]glucose that was accumulated by glucose-limited cells was immediately incorporated into cellular macromolecules (Fig. 4a) . Most of the label taken up could be recovered in a 75 YO ethanol-precipitable fraction of a cell lysate, some 60 YO of which could be dissolved in 5 YO cold TCA. This TCA-soluble material was most probably polysaccharide, the presence of which was demonstrated by transmission electron microscopy of glucose-grown cells by phosphotungstic acid staining of ultrathin sections (see Fig. 5b ). Release of "CO, due to [14C]glucose metabolism by glucose-limited cells is shown in Fig. 4(b) . This release was almost undetectable during the first 5 min. Since short-term uptake kinetics were obtained from data within 30 s after the addition of labelled substrate, and since maximum glucose uptake rates fitted the measured substrate utilization rates in growing cultures (see Table 2 ), losses of label due to 14C0, formation were considered insignificant in the case of glucose uptake.
Maximum substrate-dependent oxygen consumption rates (QEZax values) for glucose and alanine at various dilution rates are presented in Table 3 . These values do not include the endogenous rates. In cells of ultramicrobacterium strain RB2256 grown in glucose, the endogenous respiration rates represented approximately 40% of the total respiration rates, even at very low dilution rates.
Nature of the uptake systems. In Table 4 the effect of various treatments on the uptake of alanine and glucose is presented. Both uptake systems were sensitive to osmotic shock. Inhibition of alanine uptake was nearly complete, but inactivation of the glucose uptake system was only partial. In addition, binding of ~- [l~C] Investigations of the specificity of the L-alanine uptake system (Table 5) showed that the uptake of labelled alanine was inhibited significantly by the addition of 10 amino acids other than L-alanine. 14C-labelled D-glucose uptake was affected by unlabelled D-glucose and Dglucosamine. No inhibiiton of ~-['~C]glucose uptake was found with galactose, sucrose, fructose, a-methylglucose, maltose, mannitol, 2-deoxy-~-glucose, xylose, lactose, sorbitol, mannose or N-acetyl-D-glucosamine.
DISCUSSION
Effect of glucose on utilization of alanine
In contrast to the observations made by Law & Button (1 977) on a marine coryneform bacterium, the presence of L-alanine during dual-substrate-limited growth of ultramicrobacterium strain RB2256 did not result in lower half-saturation constants or higher specific affinities for glucose. Instead, half-saturation constants for alanine were higher (5-9 pM) during dual substrate limitation than during growth on alanine alone (1-2 pM). For 
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5 + 2 4 f 1 1 3 f 1 3+1 3 + 1 3 + 0 2 + 1 1*1 0 comparable alanine utilization rates, this effect can best be observed at dilution rates of 0.03 h-' and 0.06 h-' for growth on alanine and alanine plus glucose, respectively ( Table 2 ). The increase in half-saturation constant (from 1.6 to 6 pM) does not coincide with a significant increase in Vmax [from 28 to 31 nmol min-' (mg protein)-']. The result is a considerable decrease in the calculated specific affinity for alanine.
According to a molecular kinetic model proposed by Button (1991 Button ( , 1993 , high half-saturation constants (Kt values) for whole-cell substrate uptake can be attributed to high ratios of the rate-limiting metabolic enzyme concentration relative to the membrane transporter concentration (&, limiting enzyme/transporter content). According to this model, maximum uptake and utilization rates are determined by the absolute quantity of both the limiting enzyme and the transporter ( Vmax, limiting enzyme x transporter content) and both components can independently accelerate the pathway flux. When applying this model to the observations on strain RB2256, the increase in Kt at relatively constant Vmax may result from an increase in internal enzyme concentration with a concomitant and proportional decrease in transporter concentration. The idea that the metabolic enzyme activity in strain RB2256 increases in the presence of glucose is suggested by two observations. (i) During dual-substratelimited growth, alanine utilization occurred at rates that were almost 50% higher than the maximum attainable rate during growth on alanine alone (qs values in Table 2 ).
Such a stimulation of the utilization rate of an amino acid (glutamate) in the presence of glucose was also reported for Cadobacter crescentzts (Poindexter, 1987) .
(ii) The maximum specific growth rate of cells cultured under dual substrate limitation was significantly higher than the maximum attainable rates on the individual substrates. According to the model of Button (1991 Button ( , 1993 , the specific substrate affinity 
Glucose metabolism and endogenous respiration
As shown in Table 3 , theQgZaX values for glucose at high dilution rates are considerably lower than the rates required for complete oxidation of utilized substrate (qo,, req washed cell suspensions of glucose-limited cells (Fig. 4a) . This indicates that pathways for the production of storage material are expressed even during glucose-limited growth. Relatively slow liberation of "CO, after utilization of universally labelled ~-['~C]glucose (Fig. 4b ) reflects slow equilibration of intracellular pools. This also indicates that newly accumulated glucose is not immediately respired but captured in an intracellular pool. The respiration of endogenous-glucose-derived polymeric storage material represents an important process in glucose utilization by strain RB2256. Intracellular storage of polysaccharides in glucose-grown cells was confirmed by using transmission electron microscopy (Fig. 5 ).
Studies on endogenous respiration and the presence of this polysaccharide material in relation to the starvation survival of strain RB2256 will be published elsewhere.
Large crystalline structures in glucose-grown cells from batch and continuous cultures of strain RB2256 were observed in electron micrographs (Fig. 5c ). The exact growth condition that results in the formation of these structures could not be determined. The nature of the crystals is probably protein but their function is at present unknown.
Nature of the substrate uptake systems
The glucose uptake system in strain RB2256 is inducible as indicated by the absence of glucose accumulation in alanine-grown cells. O n the other hand, the alanine uptake system in this strain is constitutively expressed. Constitutive transporters allow effective scavenging of intermittently occurring substrates (Poindexter, 1981) . In the natural environment with complex mixtures of multiple substrates, the possession of constitutive uptake systems with a low substrate specificity increases the effective extracellular substrate availability and may thus result in an increase in actual nutrient uptake. ~-['~C]Alanine uptake in strain RB2256 was inhibited 90-95% by a 10-fold higher concentration of unlabelled L-alanine, L-leucine, L-phenylalanine, L-isoleucine, L-methionine, 4-aminobutyric acid or L-tryptophan. This implies that these substrates share a common transport system. L-Glycine, L-histidine, L-asparagine, L-lysine and the dipeptide L-alanyl-alanine inhibited ~-['~C]alanine uptake to a lesser extent (25-61 O/O), but the possibility that these substrates are also accumulated via the alanine transport system cannot be excluded. Based on substrate specificity and kinetic parameters, the L-alanine transport system in strain RB2256 shows no relatedness to the LIV system of Alteromonas haloplanktis [Kt 190 pM, Vmax, 20 .8 nmol min-' (mg dry wt)-'] (Fein & MacLeod, 1975) , or to the LIV-I system of Escherichia coli (Rahmanian e t al., 1973) which translocates the branchedchain amino acids L-alanine, L-threonine and L-serine. In strain RB2256, threonine and serine are not transported via the alanine transport system. There is also no similarity with the binding-protein-dependent alanine transport system in Rhodobacter sphaeroides (Abee e t a/., 1989) [Kt 4.2 pM, Vmax, 12-9 nmol min-' (mg protein)-'], which transports aminoisobutyric acid equally well. With respect to the broad specificity of the system in RB2256, most similarity is observed with the 'general' amino acid permease in Caztlobacter crescentzts (Ferber & Ely, 1982) . When compared to other L-alanine-transporting permeases, the system in strain RB2256 exhibits a very broad specificity, a high Vmax value, and a low half-saturation constant. The observation that mixed amino acids are accumulated with high specific affinity in this organism (Schut e t al., 1993) may partly be explained by the possession of this low specificity, high affinity uptake system. In contrast, the glucose uptake system in strain RB2256 shows a very narrow substrate specificity.
The uptake systems of both alanine and glucose in strain RB2256 exhibit osmotic shock sensitivity. Binding of alanine and of glucose to proteins in concentrated shock fluids of alanine-and glucose-grown cells was also demonstrated. Both these observations indicate the presence of binding-protein-dependent transport systems. The uptake of both alanine and glucose was effectively blocked by DCCD and alanine accumulation was also inhibited by vanadate, indicative of the direct involvement of high energy phosphate bonds in transport. It has been shown that ATP can interact with membrane-bound components of binding-protein-dependent transport systems (Hobson e t al., 1984) and it seems likely that ATP is the driving force for this type of transport (Bakker etal., 1987) . Although not determined in this study, the inhibition of uptake in strain RB2256 in the presence of CCCP and monensin may have resulted from an indirect loss of ATP-synthesizing abilities due to a change in the transmembrane ion gradient.
Glucose uptake is inhibited by 5 0 % when cells are osmotically shocked, implying either that expulsion of binding proteins from the periplasmic space is not complete or that other glucose uptake systems are present. This latter hypothesis is supported by the fact that the half-saturation constants for glucose uptake are considerably higher than the values of 0.4-2-0 pM characteristic of binding-protein-dependent transport systems (Furlong, 1987) . Group-translocation-mediated uptake of glucose by the phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS) was not detected in strain RB2256 (assayed by the method of Robillard & Blaauw, 1987 ; data not presented). Whether strain RB2256 possesses a secondary (proton-motive-forcedriven) glucose transport system remains to be determined.
Although they are energetically more costly than secondary transport systems, binding-protein-dependent transporters are excellent substrate-capturing systems. This type of transport system is able to concentrate substrates against 105-fold gradients and they are unidirectional, which makes them very suitable for substrate transport under oligotrophic conditions (Konings & Veldkamp, 1983) . The effectiveness of this type of transport system is illustrated by the very high specific affinities for alanine. As far as we know, the value of 923 1 (g cells)-' h-' at a dilution rate of 0.04 h-' is the highest ever reported for this substrate (see also Schut et al., 1993) . The values reported in a previous paper (Schut e t al., 1993) were not corrected for carbon dioxide formation during substrate accumulation and therefore do not represent true uptake rates.
Simultaneous substrate utilization
When organisms are supplied with millimolar concentrations of a mixture of substrates that serve the same physiological function, i.e. carbon or nitrogen source, a diauxic or sequential utilization is often observed (Harder & Dij khuizen, 1982 Magasanik & Neidhardt, 1987) . It is now well established that the simultaneous utilization of ' diauxic ' substrates occurs only at growthrate-limiting (micromolar) concentrations, when uptake and utilization pathways of the second substrate become derepressed (Egli et al., 1983 (Egli et al., , 1986 . With strain RB2256, we observed simultaneous utilization of alanine and glucose under nutrient-suficient conditions in batch culture. Although alanine oxidation was repressed by high glucose concentrations in these cultures, uptake of alanine continued and it may thus be concluded that alanine was assimilated into cell material. Under dual substrate limitation in continuous culture, the situation is less clear since the potential respiratory utilization of alanine (seeQg2ax values) is fully expressed in the presence of glucose. The extent of assimilation of alanine in such chemostat cultures has not been further investigated.
Strain RB2256 is a bacterial strain of marine origin with the low cell volume and low DNA content that is characteristic of indigenous marine ultramicrobacteria. The organism is capable of capturing low concentrations of multiple substrates, specifically amino acids, simultaneously, and regulates the utilization pathways of accumulated substrates. Since the cell volume of this strain is only 0-06 pm3, substrate requirements are low relative to marine isolates of larger cell volume. The reported specific substrate affinity for alanine at ambient substrate concentrations of 10 nM alanine would result in generation times in sitzc of about 60 d. However, at ambient dissolved free amino acid concentrations of 200 nM, simultaneous uptake of multiple amino acids via the constitutive, low specificity alanine transporter would reduce this generation time to 3 d.
